The Royal College of Surgeons (RCS) rat is an animal model for retinal degeneration such as the age-related macular degeneration. The RCS rat undergoes a progressive retinal degeneration during the early postnatal period. A potential treatment to prevent this retinal degeneration is the transplantation into the subretinal space of cells that would replace functions of the degenerating retinal pigment epithelium (RPE) cells or may form neurotrophic factors. In this study we have investigated the potential of subretinally transplanted embryonic stem cells to prevent the genetically determined photoreceptor cell degeneration in the RCS rat. Embryonic stem cells from the inner cell mass of the mouse blastocyst were allowed to differentiate to neural precursor cells in vitro and were then transplanted into the subretinal space of 20-day-old RCS rats. Transplanted and sham-operated rats were sacrificed 2 months following cell transplantation. The eyes were enucleated and photoreceptor degeneration was quantified by analyzing and determining the thickness of the outer nuclear layer by light and electron microscopy. In the eyes transplanted with embryonic cells up to 8 rows of photoreceptor cell nuclei were observed, whereas in nontreated control eyes the outer nuclear layer had degenerated completely. Transplantation of embryonic stem cells appears to delay photoreceptor cell degeneration in RCS rats.
INTRODUCTION
tion of photoreceptor cells. In these animals subretinal RPE cell transplantation can rescue photoreceptor cell Embryonic stem (ES) cells are derived from the inner degeneration (5, 10, 11, 20) . Subretinal (8, 16, 18) and incell mass of blastocysts and display two important chartrachoroidal (17) transplantation of other cell types, such acteristics. First, they are pluripotent and thus can generas iris pigment epithelial cells (16) (17) (18) and Schwann ate all tissue and cell types. Second, they can be cultured cells (8) have also shown beneficial influence on photopermanently in the undifferentiated state and thus can be receptor survival. Increased photoreceptor survival has expanded to unlimited numbers. These properties make also been observed after subretinal injection of bFGF (4) ES cells a potential donor source for all types of cell as well as after sham surgery, which may stimulate the transplants. In addition, these cells possibly produce trorelease of growth factors (21) . In this study nestin-posiphic factors, which may have positive effects at the tive embryonic neural precursor cells (2) were transtransplantation site. In culture ES cells differentiate in planted subretinally in RCS rats to explore the ability of vitro into neurons and glial cells in the presence of retithese cells to slow down photoreceptor degeneration. noic acid. In a chemically defined medium in the presence of insulin, transferrin, selenium chloride, and fibro-
MATERIALS AND METHODS nectin (ITSF) embryonic stem cells differentiate into
Stem Cell Culture nestin-positive neural precursor cells (2) . The Royal
Murine embryonic stem cells of the cell clone 7 (2) College of Surgeon (RCS) rat is a well-established from the well-characterized D3 mother clone (3) were model for the study of photoreceptor degeneration cultured in a hanging drop in DMEM medium contain- (7, 19) ; in these animals a genetic mutation determines ing 15% FCS and 100 nM leukemia inhibiting factor the postnatal progressive degeneration of retinal pigment (1) . The initial population per hanging drop was 400 epithelium (RPE) cells, which is followed by degenera-674 SCHRAERMEYER ET AL. cells/20 µl. After 2 days as a hanging drop culture the Transplantation of Stem Cells cells, which had aggregated to form embryoid bodies, After 5 days of culture in the differentiation, neural were cultured for another day in suspension culture (1) .
precursor cells were trypsinized and 60,000 cells in 0.5 Finally, cells were plated in tissue culture dishes and µl of sterile saline were transplanted into the subretinal allowed to adhere to the culture plate in DMEM medium space of the superior hemisphere of one eye of 16-20containing 10% FCS. After 12 h the medium was day-old RCS dystrophic rats using a Hamilton syringe. changed to a synthetic differentiation medium contain-Two months after transplantation, transplanted and noning insulin, transferrin, selenium chloride, and fibronectreated control animals were anesthetized with CO 2 and tin (ITSF), to promote differentiation into neural precursacrificed by cervical dislocation. The eyes were enuclesor cells. The selection procedure for nestin-positive ated, the corneas were removed and fixed overnight at neural precursor cells yielding in a nearly pure popula-4°C in 4% glutaraldehyde in 0.1 M cacodylate buffer tion was performed as described previously (2) .
(pH 7.4) containing 100 mM sucrose. The eyes were then postfixed with 1% OsO 4 at room temperature in 0.1
Identification of Neural Precursor Cells
M cacodylate buffer for 3 h, bloc-stained, and embedded For identification of the cells after transplantation we in Spurr's resin after dehydration in a graded series of used an embryonic stem cell clone with the expression acetone. The blocks were sectioned semiserially in 0.7of green fluorescent protein (GFP) under the control of µm-thick sections. Ultrathin sections were stained with a β-actin prompter.
uranyl acetate and lead citrate and analyzed with a Zeiss 902 A electron microscope.
Transfection of ES Cells With the β-Actin Promoter and GFP Sham Operation The pCX-(β-act)-EGFP expression vector containing
One eye of eight 16-20-day-old RCS dystrophic rats the enhanced version of the GFP coding sequence EGFP was treated identically to the transplanted rats with the (Clontech Laboratories, Palo Alto, CA) under the exception that the cell suspension was replaced by the chicken β-actin promoter, provided by Dr. Okabe, Unisame volume of 0.9% NaCl. versity of Osaka, Japan (15), was modified as follows: SalI-XbaI restriction fragment containing the neomycin Controls (G 418) resistance gene (NeoR) from pTL2NeoR (provided by Dr. Tarakhovsky, Institute for Genetics, Co-Specimens from RCS rats without surgical treatment logne) was inserted by blunt-end ligation in the SalI site (fellow eyes) were also embedded for electron microsof pCX-EGFP. copy.
Electroporation and Selection Procedure Morphometric Analysis pCX-(β-act)-NeoR was linearized by ScaI restrictase
Morphometric analysis was performed using a Zeiss and electroporated. The electroporation conditions were Axioplan light microscope equipped with a 3 CCD as follows: DNA: 20-40 µg, cells: 7 × 10 6 /ml in 0.8 ml Video Camera Module XC-003P (Sony, Cologne, Ger-PBS buffer, electroporation cuvette BioRad 0.4 cm, many) connected to a personal computer. The areas of electroporation apparatus BioRad (Gen Pulser), 240 V, rescued photoreceptor cells within the semithin sections 500 µF (2,22). Following electroporation, the cell suswere analyzed using the Optimas 6.1 software (Bothel, pension was placed on ice for 20 min and transferred to USA). Surviving photoreceptor cell nuclei were counted a 10-cm tissue quality petri dish with G 418-resistant and the column height of the outer nuclear layer was feeder layer in 10 ml DMEM medium with 15% fetal determined. calf serum (FCS, Life Sciences, Heidelberg, Germany). Two days later, geneticin (G 418, Life Sciences) 300
Statistical Analysis µg/ml was added for selection of G 418-resistant cells. Medium with G 418 (300 g/ml) was changed every other Area of the rescued photoreceptors, number of rescued photoreceptors, and maximal outer nuclear layer day. After 8-10 days of selection, emerging drug-resistant colonies were tested for GFP expression using fluo-(ONL) column height in the transplanted eyes were compared to the controls. The data of the transplanted rescent microscopy. Following the replacement of media for PBS, the colonies were picked up, trypsinized, and and of controls eyes were tested for difference by the null hypothesis (α = 0.05). Statistical analysis was per-plated separately on the 48-well plates containing G 418 feeder layers. After 2-4 days of growth, cells from each formed by SPSS 8.0, using median, 25th and 75th percentile for descriptive statistics, and the Mann-Whitney well were propagated on 24-well plates and 60-mm culture dishes (Falcon, Heidelberg, Germany).
rank sum test for hypothesis testing. months after transplantation (not shown). Photoreceptor cell survival was quantified by determination of the thickness of the outer nuclear layer by light and electron microscopy. Two months after transplantation the outer nuclear layer of the nontreated control eyes degenerated completely (Fig. 5 ). In the transplanted animals 2 months after transplantation a median of 7 rows of photoreceptor nuclei was found (Fig. 6 ). Electron microscopy of these rescued photoreceptors revealed normal ultrastructure ( Figs. 7 and 8 ). In the control group with NaCl injection a median of 4.5 rows was seen. The median area of rescued cells was 10194 µm 2 in the eyes of rats transplanted with cells, whereas in the eyes injected with NaCl it was only 2696 µm 2 and it was 0 in the noninjected control eyes.
Statistical Analysis
There was no significant difference in the number of rows of photoreceptor nuclei between "sham-operated" and "stem cell-transplanted" eyes (p = 0.100). However, there was a significant difference in the area of rescued surviving photoreceptor cells between "sham-operated'
RESULTS
and "stem cell-transplanted" eyes (p = 0.028) ( Table 1) .
Identification of Neural Precursor Cells
Embryonic stem cells expressing green fluorescent DISCUSSION protein (GFP) were identified by their fluorescence as It is well established that RPE cell transplantation can viewed under fluorescent light ( Figs. 1 and 2) . rescue photoreceptor cells from degeneration in RCS rats (5, 10, 11, 20) . The rescue includes renewal of outer Transplantation of Stem Cells segments (14) and sensitivity to light of the rescued pho-Neural stem cells were transplanted to the subretinal toreceptors (23) . Photoreceptors were also rescued at space without apparent damage to the retinal structures some distance from the transplanted RPE, indicating that (Fig. 3 ). The subretinally located cells can be identified not only phagocytic uptake but also trophic factors prowhen viewed under the fluorescent microscope ( Fig. 4) .
duced by the RPE may have a beneficial influence on We also observed some cells migrating into the retina 2 photoreceptor cell survival (9). Because phagocytosis is defective in the RCS rat it has been assumed that the lack of phagocytosis leads to retinal degeneration. However, a number of observations suggest that the lack of phagocytic capacity of the RPE cells is not the only defect that leads to retinal degeneration in the RCS rat. In fact, injection of basic fibroblast growth factor (4) and sham surgery (21) can also rescue photoreceptors transiently. Recently, it has also been shown that high oxygen pressure slows photoreceptor degeneration in the RCS rat (12). Moreover, RCS rats exhibit a fairly wellcharacterized vasculopathy as early as 3 weeks after birth (13) . Because embryonic stem cells are able to differentiate into all cell and tissue types and can be expanded to virtually unlimited number, these cells could serve as a potential source for cell transplantation in many cases in which the addition of new cells with a normal genotype may correct a genetic or acquired defect. In the RCS rat a genetic mutation predetermines the progressive degen- such that at 60 days of age only 1-2 rows of receptor effect of IPE and RPE transplantation was in the same range as ES cell transplantation (5, (9) (10) (11) 18) . cells remain, whereas in the normal rat there are approximately 8-10 rows of photoreceptors.
It is not known what specific factors contribute to the survival of photoreceptor in the RCS rat; however, it can In this report we have shown that transplantation of embryonic stem cells into the subretinal space of RCS be assumed that a number of factors that are constitutive of the RPE cells, such as platelet-derived and fibroblast rats before degeneration prevents retinal degeneration, resulting in a quasinormal retina in 60-day-old rats. growth factors, retinol metabolism, and phagocytosis, are involved. Before any of these cells can be used to Some photoreceptor rescue was also evident in shamoperated rats; however, the number of photoreceptor treat retinal degeneration, such as age-related macular degeneration, it is necessary to analyze how these cells rows in the sham-treated rats was 4.5 versus 7 in the stem cell-treated rats. The difference between the sham-interact with the retina, what phenotypic characteristic these cell acquire, and how long their rescuing activity treated and stem cell-injected eyes is more clearly evident when the total area of rescued photoreceptors is lasts.
It is important to note that GFP expression in clone considered, 19,794 µm 2 for the cell-injected eyes versus 2696 µm 2 for the sham-treated eyes. 7/D3-derived neural precursor cells did not alter their differentiation capacity in culture (2) , which supports The transplantation of RPE, iris pigment epithelium (IPE), Schwann cells, and now embryonic stem cells ap-earlier studies in which ES cells were transfected with cardiac specific GFP (6) . Moreover, no effects of GFP pears to be beneficial to the survival of photoreceptor cells in the RCS rat. Whereas the beneficial effect of transfection were observed in transgenic animals using the same GFP expression cassette (15). Therefore, it RPE and IPE cells may in part be attributed to cellular replacement, the effect of transplanted Schwann cells is seems most unlikely that after transplantation of GFPlabeled ES, cell-derived neural precursor cells would in-very likely the result of growth factors secreted by the transplanted cells. However, the number of photorecep-duce photoreceptor rescue that would not be induced by nontransfected cells. tor cells rescued by transplanted Schwann cells at 1.5-3 months is only 3-6 rows (8), compared with up to 8 ACKNOWLEDGMENTS: The authors are especially thankful to E. Kolossov for providing the D3/clone 7. Furthermore, we rows following ES cell transplantation. The maximum 
